Abstract-The new wide band-gap semiconductor devices provide new properties to be explored. Normally-on Silicon Carbide (SiC) JFET power devices have several advantages, in particular low switching losses, high temperature operation and high reverse voltage capability. Looking for improve the overall efficiency in power converters, new structures based on these power devices might be studied. In this paper, a cascode rectifier based on normally-on SiC JFET is presented and analyzed. This new rectification structure can be applied as front-end rectifier stage for AC-DC power converters, increasing the overall efficiency of these topologies. A second cascode rectifier based on Silicon (Si) MOSFET is also studied, as a low cost alternative. Both cascode structures are compared with traditional Si rectifier diodes and front-end rectifiers, using three different test circuits: a full bridge rectifier, a passive Power Factor Corrector (PFC) voltage doubler and an active PFC interleaved boost converter. As a result of this comparison, an efficiency improvement as high as two points is obtained on each tested circuit.
I. INTRODUCTION
AC-DC power supplies are one of the traditional fields in power electronics. Single-phase AC-DC converters are widely used in different applications, such as integrated lighting ballasts, telecommunication and computer equipment, battery chargers for mobile devices and also for electric and hybrid vehicles. Moreover, industrial AC and DC motor drives also use AC-DC power conversions. During the last decade, different solutions have been presented in order to improve these power supplies, regarding to achieve higher efficiency, lower volume and cost and higher reliability. In this sense, the use of the new wide band-gap semiconductors are one of the possible ways to overcome the AC-DC limitations. In particular, Silicon Carbide (SiC) devices exhibit a lot of advantages, well studied and presented in [1] . A higher reverse voltage capability, no reverse current and higher working temperature are the main advantages of this technology. In order to improve the overall efficiency in AC-DC converters, SiC devices have replaced Si semiconductors in this kind of power supplies. The first attempt to introduce SiC devices in AC-DC converters was replacing the ultra-fast diode with a high voltage SiC Schottky diode. Some good examples are studied in [2] - [4] , where the SiC Schottky diode is used to avoid the reverse recovery current of the freewheeling diode, reducing the losses attached to this effect. A comparison between these new devices and Si ultra-fast diodes are also made in [5] . Due to the growing and development of SiC technology, other devices have been developed, not only high voltage Schottky diodes, but also transistors. Normally-on and normally-off SiC JFETs are ones of the most interesting devices and they are also commercially available [6] , [7] . These new transistors have a high blocking voltage capability with very low onresistance. On the other hand, the normally-on JFET should be drived with an inverter logic from normally-off switching devices. This means that the normally-on JFET is blocking when a negative voltage is applied to the gate (less than -15 V) and the device is conducting when 0 V (or a very low positive voltage) is applied to the gate. Comparison studies of these devices are made in [8] and [9] , highlighting all the aforementioned advantages. Furthermore, some new structures based on these SiC semiconductor devices, just like cascodes based on normally-on JFETs, are studied in [10] . The main switching Si transistor can be replaced "pin-by-pin" by these new cascode structures; in [11] SiC JFET cascodes are proposed as main switching devices for Power Factor Corrector (PFC) converters, obtaining high efficiency.
The last element to be replaced in AC-DC converters is the front-end rectifier. Several techniques have been proposed to improve the rectification efficiency in single-phase rectifiers, such as bridgeless [12] - [14] or totem-pole circuits [15] . In this sense, some bidirectional rectifiers based on SiC JFETs are also studied in [16] . In [17] - [19] normally-on SiC JFET and Si MOSFETs are used as synchronous rectifiers (i.e. as controlled rectifier) with different driving circuits, in order to improve the overall rectifier efficiency. In the previous mentioned works, all the driving control circuitry is critical for generating the properly driving signals for the synchronous rectifier, especially when normally-on SiC JFETs are used. In order to avoid this problem, this paper presents two different cascode rectifiers to be applied as front-end rectifiers. The first one is a cascode rectifier based on a normally-on SiC JFET without any control circuitry, which can be seen as a self-driven synchronous rectifier (i.e. without any use of driving signal for the JFET). The second proposed structure replaces the high cost SiC JFET with a MOSFET, in order to achieve a low cost solution. This paper is organized as follows. In Section II both cascode rectifier structures are presented and analyzed. A comparison between traditional Si rectifiers and these proposed structures are made using three different circuits: a full-bridge rectifier, a voltage doubler and an interleaved boost converter. The experimental results obtained with the test circuits are summarized in Section III.
Finally, in Section IV some conclusions are outlined.
II. CASCODE RECTIFIER STRUCTURE

A. Cascode rectifier based on SiC JFET
The structure proposed as single rectifier is shown in Fig.  1 . As can be seen, this structure is formed by a normally-on SiC JFET, a Schottky diode and a Zener diode in parallel. The SiC JFET source is also connected to the cathode of both diodes. Similarly, the SiC JFET gate is connected to the anode of both diodes. This basic structure can be seen as a cascode using a Schottky diode instead of a MOSFET. The operation of this structure can be explained from Fig. 2a where the voltage source is a sinusoidal one.
The equivalent circuits and the main waveforms are shown in Fig. 2 and in Fig. 3a respectively. In the positive half cycle of the input voltage, the cascode rectifier is forward biased (V cascode is positive). The SiC JFET could conduct (it is a normally-on device) but the Schottky diode does not conduct until the input voltage reaches its knee voltage V γ−SH (see Fig. 2c ). In other words, the ideal diode shown in Fig. 2b is not conducting yet. When the input voltage is higher than V γ−SH , then the Schottky diode is conducting (the ideal diode shown in the equivalent circuit is already conducting), see Fig. 2d . It should be noted that the SiC JFET is also conducting because its gate to source voltage is slightly positive (this is a normallyon device and, therefore, it conducts even with 0 V at the gate). As a consequence the complete device works as a diode whose knee voltage is just the knee voltage corresponding to the Si Schottky diode and whose dynamic resistance is the addition of the dynamic resistances of the Si Schottky diode and the SiC JFET. The voltage drop across this new device is lower than the voltage drop across a Si PIN diode for a wide range of conducting currents.
In the negative half cycle of the input voltage, the cascode rectifier is reverse biased (V cascode is negative), as can be seen in Fig. 4 . In this case, the Schottky diode is off (Fig. 4a) because it is reverse biased. It should be noted that, at this moment, the whole cascode rectifier is not conducting, because the Schottky diode is blocking the reverse biased voltage. JFET will be turned-off and the SiC JFET will start blocking voltage, Fig. 4b . The Zener diode clamps the JFET source to gate voltage to the Zener voltage V zener , thus protecting this element to over-voltages or spikes (4c); hence, in the worst case, the SiC JFET gate to source voltage is negative an equal to this Zener voltage. The equivalent waveforms for this case can be seen in Fig. 3b . It is important to remark that no control circuitry is needed to drive the SiC JFET. The proposed cascode structure combines the high voltage blocking capability of the SiC JFET with the low knee voltage of the Si Schottky diode, thus obtaining a new rectifier with excellent characteristics. As in the case of a standard rectifier, the proposed cascode rectifier does not need any control signal (for instance, none gate driver is needed for this device). The main disadvantage of the proposed cascode structure based on SiC JFET is the high cost of this element. Nowadays, these devices are commercially available but their price is higher than Si semiconductors.
B. Cascode rectifier based on MOSFET
In order to obtain a low cost but a high efficiency rectifier solution, a second structure is proposed (see Fig. 5a ). In this case, a Si MOSFET is used instead of a normally-on SiC JFET. The parallel connection of the Schottky and Zener diodes is connected in series with it. In order to obtain low conduction losses, a forward DC voltage, V G , is applied to the MOSFET gate. If this voltage is not applied, the MOSFET body diode could conduct, which will be a non-desirable situation due to the high conduction losses attached of this parasitic element. The V G voltage can be obtained from a simple bootstrap circuit, as shown in Fig. 5b . Capacitor C BST is charged through the limiter resistance R LIM . A voltage divider formed by R A and R B is used in order to keep the gate voltage under the limit of MOSFET breakdown specification. The behavior of this alternative cascode rectifier is identical to the aforementioned cascode rectifier based on SiC JFET. In fact, this structure can be seen just like a normally-on Si MOSFET which replaces the normally-on SiC JFET. The equivalent circuits and the main waveforms corresponding to the operation of this cascode rectifier are shown in 
As in the previous case, a Zener diode is used again to protect the MOSFET gate against over-voltage. In this sense, this Zener diode prevents the MOSFET from damage due to negative gate to source voltage. To do that, its breakdown voltage must be lower than the bootstrap voltage plus the maximum value of the rated reverse gate to source voltage (typically 20 V).
The cascode rectifier based on JFET does not need any driving circuitry, but the cascode rectifier based on MOSFET needs a bootstrap circuit instead. Nevertheless, this circuit is very simple (three resistors, a diode and a capacitor) and it can be adjusted easily to the characteristics of the final application varying only the voltage divider. It is important to remark that the cascode rectifier based on MOSFET loses the capability of withstanding very high voltage, due to the limit imposed by the Si MOSFET transistor. The maximum V DS in this kind of transistors is 800 V, lower than the 1200 V for the SiC JFET used in the previous cascode rectifier. The on-resistance of the MOSFET is also higher than the SiC JFET, so more conduction losses are expected in this cascode rectifier. Despite these two important disadvantages, the cascode rectifier based on MOSFET is still better, theoretically, than the Si diodes used as front-end rectifiers. In this sense, the behavior of the low voltage Schottky diode (with very low forward voltage and dynamic resistance) balances the previously mentioned drawbacks of this cascode rectifier. 
III. EXPERIMENTAL RESULTS
In order to test the two proposed cascode rectifier structures, three different circuits are measured: a full-bridge front-end rectifier, a voltage doubler (passive PFC) and an interleaved boost converter (active PFC). The normally-on SiC JFET used is an SJDP120R085 from SemiSouth and the MOSFET is an IRFP15N60, both in a TO-247 package. Table I summarizes the main characteristics of the SiC JFET and the MOSFET used in the proposed cascode rectifiers. In both cascode structures, the Schottky diode is the same, a 40L15CW, in TO-247 package (15 V and 40 A) from IR, and the Zener diode is also a 15 V. In addition, several structures have been made and tested:
• Full bridge rectifier.
A. 4 • PFC Interleaved boost converter. A. 4 cascode rectifiers based on normally-on JFET. B. 4 cascode rectifiers based on MOSFET with bootstrap. C. 1 GPBC1504 full-bridge rectifier.
A. A brief theoretical comparison between both cascode rectifiers and Si diodes
In order to clarify the expected efficiency of both proposed cascode rectifiers, a brief theoretical analysis is presented in this section. To compare these new rectifiers with the traditional Si rectifiers, this analysis is only focused on the conduction losses. Both cascode rectifiers behave like a Schottky diode connected with the equivalent on-resistance of SiC JFET or MOSFET, when they are forward biased. This equivalent circuit can be used to obtain the rectifier static curves. Taking into account the JFET and MOSFET characteristics and using the datasheets of Si diodes listed in Table II, Table II. and for each Si diode can be plotted. As can be seen in Fig. 9 , both cascode rectifiers have lower voltage knee than the Si rectifiers. The slope of each rectifier is determined by the equivalent dynamic resistance of the whole rectifier. For instance, both cascode rectifiers have higher equivalent dynamic resistance than certain Si diodes. Due to this, the cascode rectifier only has lower static losses than the Si diode up to a maximum forward current value (at a maximum forward voltage). This value is determined by the cross of both static curves. Hence, in Fig. 9 these maximum forward current values are highlighted in red circles for cascode rectifier based on a SiC JFET, and they are remarked in blue circles for cascode rectifier based on a MOSFET. Above this forward current, it is expected that both cascode rectifiers have higher losses than the Si diodes. Nevertheless, it is important to remark that these maximum current values are quite high for the cascode rectifier based on a SiC JFET, so this proposed solution is still interesting.
B. Full bridge
The first test circuit is a full-bridge rectifier. The input voltage is varying from 140 to 265 V RMS and the load resistance is also varying to adjust the output power to 900 W in all cases. These specifications are summarized in Fig.  10a . The schematic for the two proposed cascode rectifier structures can be seen in Fig. 10b and Fig. 10c . For the cascode rectifier based on MOSFET, the bootstrap circuit is set up with R A = 3.9 MΩ, R B = 150 kΩ, R LIM = 150 kΩ, C BST = 10 µF and D is a 1N4148 PN diode. A picture of the two cascode rectifier prototypes is shown in Fig. 11 . These two structures are compared with the BR804, MUR4100E and GBU8J Si diodes.
The efficiency is measured for two different frequencies: 50 Hz and 400 Hz. The experimental results obtained for the full-brige topology are shown in Fig. 12 and Fig. 13 . As can be seen in Fig. 12 , the efficiency obtained at 50 Hz for both cascode rectifier structures are higher than the traditional Si full-bridge rectifiers, up to 3 points higher in some operating points. The best efficiency is obtained for the cascode rectifier based on SiC JFET (light blue curve). For the cascode rectifier based on MOSFET the overall efficiency decreases from half a point to 1 point, as expected, due the high on-resistance of the MOSFET. Furthermore, a difference of half a point can be seen between cascode rectifier without bootstrap circuit (without an external voltage) and with bootstrap circuit. This difference is due to the conduction losses attached to the body diode of the MOSFET. Finally, the same differences are obtained at 400 Hz, Fig. 13 .
C. Voltage Doubler (passive PFC)
The second test circuit is a passive PFC voltage doubler. This circuit was proposed in [20] and it was quite common for power supplies working in the universal input voltage range (e.g. power supplies in personal computers). The input voltage is now 110 V RMS at 60 Hz. The output voltage is 220 V. The load is varying from 300 W to 600 W. The schematic for this circuit is given in Fig. 14 .
In this case, both cascode rectifiers are compared with Si diodes 20ETF08 and MUR3060PT. The efficiencies obtained for the voltage doubler are shown in Fig. 15 .
As can be seen, the efficiencies for the cascode rectifiers are fairly equal to the ones corresponding to Si diodes measured at low power (in fact, even lower for the cascode rectifier based on MOSFET). Nevertheless, at full power (600 W) the measured efficiency for both cascode rectifier structures is 1 point higher than the efficiency for Si diodes.
It is important to remark that, in the voltage doubler, only two rectifiers are used instead of the four used in the previous full-bridge rectifier. In fact, the power rating in this case is lower (only 600 W instead of 900 W for the full-bridge). 
D. PFC interleaved boost converter (active PFC)
The third test circuit is an AC-DC PFC interleaved boost converter. The input voltage in this case is 230 V RMS , 50 Hz. The output voltage is 550 V. As the previous circuit, the output power is varying from 200 to 1200 W. This converter is working in closed loop with an average current mode multiplier control based on the integrated circuit UCC28070 from Texas Instruments.
In this case, the two cascode rectifiers are compared with a GBPC1508 full-bridge rectifier based on Si diodes. The inductor, output capacitor, freewheeling diode and main transistor used are summarized in Fig. 16 .
Experimental results for this boost converter are shown in Fig. 17 . As can be seen, an improvement of efficiency of 1.2 points is obtained with cascode rectifier based on SiC JFET at full load. This improvement is about 0.8 points for cascode rectifier based on MOSFET. At half load, the efficiency of the cascode rectifier based on SiC JFET is 3 points higher than the Si full-bridge. An improvement of efficiency of 2.2 points is achieved for the cascode rectifier based on MOSFET at this power. At light load there are 2 points between the efficiency of both cascode rectifiers and the Si full-bridge one. In all cases, the input power factor is fairly the same (0.999 at full load) and no distortion in the converter waveforms is observed. IV. CONCLUSIONS AC-DC converters are widely used nowadays in many different applications. In the last years, new techniques to improve the overall efficiency of these converters have been investigated. New wide band-gap semiconductors, such as SiC ones, offer the opportunity to explore new ways to overcome the boundaries of efficiency in AC-DC converters. In particular, normally-on SiC JFET is one of the most interesting devices, due to the high blocking voltage capability, very low on-resistance and high temperature working range.
Focused in this kind of technology, two different cascode rectifier structures are presented and studied in this paper, looking for improving the efficiency of the front-end rectifiers used in AC-DC converters. The proposed cascode rectifier based on normally-on SiC JFET, combines the low losses of a low voltage drop of a Si Schottky diode in forward bias with the capability to withstand high voltage of a SiC JFET, when the cascode rectifier is reverse biased. It should be note that no control circuitry is needed in this cascode structure. However, the high cost of the SiC JFET is the main disadvantage of this solution. In order to solve or minimize this limitation, a second cascode rectifier based on MOSFET is also studied. In this case, a bootstrap circuit is needed, due to the use of the MOSFET as a normally-on device. Nevertheless, the additional bootstrapping circuit needs a few low-power elements (three resistors, a diode and a capacitor) and it can be adjusted easily depending on the final application where the rectifier will be used. In this sense, both cascode rectifiers could be used as high efficient self-driven synchronous rectifiers and they could be built in a small integrated component.
Three different circuits are built and measured in the laboratory, in order to test these cascode rectifiers and to compare them with traditional Si rectifiers. In the full-bridge circuit, an efficiency improvement of 1.5 points is obtained for both cascode rectifiers. The difference are lower in the voltage doubler, despite the less number of diodes used and the voltage and power ranges for this application. The best results are obtained for the PFC interleaved boost converter, where both cascode rectifiers have an efficiency 3 points higher at light load and up to 2 points at full load than the traditional fullbridge diode, operating in the same conditions.
